Effect of verapamil on left ventricular performance in conscious dogs. J Pharmacol Exp Ther 201: 723, 1977 MANY INTERVENTIONS are believed to have the potential for reducing ischemic injury during acute myocardial infarction. However, the effect of such interventions on electrical instability, the leading cause of death after infarction, remain unknown. We previously reported that electrical instability is directly related to myocardial infarct size.' These results suggested the hypothesis that reducing infarct size would also reduce electrical instability. The present study was therefore designed to demonstrate the effect on infarct size and electrical instability of interventions that alter the severity of ischemic injury during acute myocardial infarction.
SUMMARY Reperfusion achieved by streptokinase infusion early after myocardial infarction (MI) is now being performed in patients, but the efect on electrical instability of increasing or decreasing perfusion in the region at risk for MI is unknown. Accordingly, 34 dogs were randomized to control (13 dogs), reperfusion (11 dogs) and retrograde bleeding (10 dogs) groups. All dogs underwent coronary artery occlusion (23 of the left anterior descending and 11 of the circumflex artery). In the control dogs, occlusion was permanent. In the reperfused dogs, the occlusion was released at 2 hours. In the retrograde bleeding dogs, retrograde flow bleeding distal to the occlusive tie was continued for 2 hours after coronary occlusion. Four days later, all dogs underwent a standard right ventricular pacing protocol. Induced arrhythmias were scored: ventricular fibrillation was assigned the highest score, followed by sustained ventricular tachycardia, nonsustained ventric'ular tachycardia and repetitive ventricular response. Arrhythmias provocable later in diastole were assigned higher scores than those provocable early in diastole.'Infarct size was not different in the three groups (35%, 28% and 39% of the area at risk in control, reperfusion and retrograde bleeding groups, respectively). However, the electrical instability index was lower in the reperfusion group than-in the other two groups (e.g., electrical instability index A at 200 beats/min: p < 0.005 for reperfusion vs control; p < 0.01 for reperfusion vs retrograde bleeding). Retrograde bleeding did not alter the electrical instability index from the control state. These results suggest that despite no significant reduction in infarct size, reperfusion after infarction may reduce electrical instability.
MANY INTERVENTIONS are believed to have the potential for reducing ischemic injury during acute myocardial infarction. However, the effect of such interventions on electrical instability, the leading cause of death after infarction, remain unknown. We previously reported that electrical instability is directly related to myocardial infarct size.' These results suggested the hypothesis that reducing infarct size would also reduce electrical instability. The present study was therefore designed to demonstrate the effect on infarct size and electrical instability of interventions that alter the severity of ischemic injury during acute myocardial infarction.
Reperfusion after 2 hours of coronary occlusion and retrograde drainage of collateral flow during the first 2 hours of occlusion were selected as interventions expected to decrease and increase ischemic injury, respectively. Electrical instability was defined for the purpose of this study by the ease of induction of ventricular arrhythmias by programmed right ventricular stimulation.
Methods

Animal Preparation
Thirty-eight foxhounds of either sex, weight 19-37 kg, underwent thoracotomy. Four had a "sham" operation in which the left anterior descending coronary artery was dissected, but not occluded. The 34 other dogs received an acute occlusion, 23 of the left anterior descending and 11 of the circumflex coronary artery. The dogs were randomized into three groups: control (13 dogs), reperfusion (11 dogs) and retrograde bleeding (10 dogs). Lidocaine was given as a 60-mg i.v. bolus before occlusion, and was continued as a 3-mg/ min continuous infusion throughout the surgical and immediate recovery periods. Dogs in the reperfusion and retrograde bleeding groups were also given i.v. heparin, 5000 U before coronary occlusion and 2000 U every 30 minutes throughout the 2-hour surgical period to prevent blood clotting distal to the occlusive tie. Protamine sulfate was used to reverse the action of heparin before closure of the surgical incision.
The control group underwent a permanent coronary occlusion. In the reperfusion group, the occlusion was performed by juxtaposing a short piece of polyethelene tuxbing between the artery and tie and tying on top of it; the occlusion was released after 2 hours. In the retrograde bleeding group, the artery was cannulated below the occlusive tie and retrograde flow into the ischemic bed was allowed to bleed back at atmospheric pressure for 2 hours. This procedure reduces collateral myocardial blood flow nearly to zero.2 All dogs had a bipolar right ventricular pacing electrode implanted on the epicardial surface of the right ventricle, remote from the ischemic bed. The free end of the wire was tunneled to the back of the dog's neck and was left with its tip exposed.
Pacing Protocol
Four days later surviving dogs underwent a right ventricular stimulation protocol in the awake, minimally sedated state. The protocol used was a standard one,3 and we have previously reported its use and our analysis to calculate an electrical instability index.' Twenty dogs were studied without any medication. Six dogs required a mean dose of 20 mg of i.v. morphine (range, 10-40 mg) over the 2-hour study period. One dog received 5 mg of i.v. diazepam.
Pacing was accomplished with the exposed electrode at twice diastolic threshold and 1.5-msec duration. A Bloom constant-current pulse generator coupled to a Grass stimulator was used to introduce a cycle of six regularly paced beats (S,) at a cycle length 10% less than the dog's shortest spontaneous cycle length, followed by a 4-second pause. The six-beat cycle was repeated after each pause. During the pause, extrastimuli were introduced as follows: (1) An extrastimulus (S2) was introduced at end-diastole and the coupling interval (S S2) was decreased in 20-msec steps until the refractory period was reached. (2) S S2 was then maintained at 50 msec plus the refractory period. An S3 was introduced at twice the S S2 interval and the S S3 interval was decreased in 20-msec steps until the ventricle was again refractory. (3) Finally, S3 was maintained at the refractory interval determined in step 2 (which ceased to be refractory as S2 was moved) and S2 was moved closer to the T wave by 10-msec decrements until the ventricle was refractory to it once more. Each coupling interval of S,S2 and SlS2S3 was repeated three times.
During the pause after each S2 or S2S3, the following responses could be observed: a normal response (i.e., a ventricular response to the extrastimulus, followed by normal sinus rhythm), a repetitive ventricular response (two or three ventricular beats following the last extrastimulus before the onset of sinus rhythm), nonsustained ventricular tachycardia (four or more ventricular beats lasting less than 4 seconds), sustained ventricular tachycardia (lasting 4 seconds or more) and ventricular fibrillation. Four seconds was chosen as the duration of "sustained" ventricular tachycardia because the stimulator was programmed to start a new cycle after a 4-second pause. Resumption of ventricular pacing usually interrupted ventricular tachycardia. Ventricular tachycardia that did not readily respond to the resumption of pacing was therefore designated arbitrarily as "sustained." All responses were observed and recorded from a surface ECG and a paper speed of 25 mm/sec. A response was scored only if it was reproducible, that is, if it could be provoked during at least two of the three repetitions.
The only treatment given for arrhythmia was a 420-W-sec countershock for ventricular fibrillation and overdrive pacing for sustained ventricular tachycardia. If ventricular fibrillation was reproducible at any point, the study was halted.
The effect of cycle length on induced electrical instability was tested by completing the protocol at a basic paced cycle length 10% less than the dog's shortest spontaneous cycle length as described (low rate) and also at a cycle length of 300 msec (200 beats/min). The order of testing, either low or high rate first, was randomly selected.
Measurement of Risk Region and Infarct Size
All surviving dogs were returned to their kennels and were electively killed 10 to 30 days later. The heart was excised and the risk region (area of the left ventricle supplied by the occluded artery and therefore at risk for infarction) was stained by intraarterial injection of Evans' Blue dye at the occlusion site. The atria and right ventricle were removed and the left ventricle was sliced into six to 10 (mean seven) slices, from apex to base, parallel to the atrioventricular groove. The slices were slit at the border of stained and nonstained myocardium. This allowed identification of the risk region after washout of Evans' Blue stain by incubation in triphenyl tetrazolium chloride dye to indicate the infarcted area. 4 The slices were photographed and the photographs videoplanimetered to obtain the percent (by area) of normal myocardium, risk region and infarcted myocardium for each side of each slice. The two values were averaged, the result was multiplied by the slice's weight and the values for all slices were added to obtain the percent (by weight) of normal myocardium, risk region and infarcted myocardium for the whole left ventricle. Microscopic examination of representative hematoxylin-eosin-stained histologic sections confirmed the presence or absence of myocardial necrosis in 14 specimens, as predicted by dye staining.
Analysis of Data
To reduce the many responses of each dog to a manageable number for data analysis, the S,S, cycle length divided by 2 was considered the midpoint of the cycle, as previously reported. 1 For steps 1 
Abbreviations: RVR = repetitive ventricular response; sVT sustained ventricular tachycardia; VF = ventricular fibrillation: VT = nonsustained ventricular tachycardia.
for each of two protocols, one performed at a low rate and the other at 200 beats/min.
Statistics
An unpaired t test was used to compare risk region and infarct sizes and electrical instability indexes among the three groups. Analysis of covariance was used to determine whether there was any difference in the relationship between myocardial infarct size and electrical instability indexes among the three groups. A paired t test was used to compare electrical instability at the low rate with that at 200 beats/min.
Results
The four sham-operated dogs (100%), nine dogs in the control group (69%), 10 in the reperfusion group (91%) and seven in the retrograde bleeding group (70%) survived the surgical procedure and the 4-day recovery period.
Retrograde flow in the retrograde bleeding group averaged 1.2 ml/min when the artery was initially cannulated (range 0.7-2.6 ml/min) and 1.3 mi/min over the 2-hour surgical procedure (range 0.9-2.3 ml/min).
Of the four sham-operated dogs, three had no electrical instability (no abnormal response at any stage). One had an electrical instability index A of 1 1 and B of 15 (at 200 beats/min). On examination of this dog's heart, small patches of subendocardial fibrosis were seen ringing the entire left ventricular cavity, totaling 13% of the left ventricle by weight. This pathologic finding confirmed that this dog was not a normal control.
Electrical instability indexes A and B for both rates tested are listed in table 3. Five dogs who had spontaneous heart rates greater than 176 beats/min could not be tested at a low rate. No dog had a spontaneous heart rate of 200 beats/min or more. One dog (control group, number 2155) experienced ventricular fibrillation during the low-rate protocol and could not be resuscitated. The 200-beat/min protocol was therefore precluded. Electrical instability was significantly lower in the reperfusion group than in the control or retrograde bleed- The protective effect appeared to be a threshold phenomenon, in that six dogs showed little or no electrical instability, whereas the remaining four were similar to the other groups. The explanation for this threshold effect cannot be derived from the present data. Apparently, the 2-hour duration of ischemia before reperfusion was early enough for some, but not all, subjects to derive benefit. Possible determinants of this difference could be the level of collateral blood flow before reperfusion and the adequacy of reflow after release of the coronary occlusion.
Venting the coronary artery distal to the occlusion so that collateral supply to the ischemic region bled off retrogradely did not worsen electrical instability. Retrograde bleeding reduces the already low flow to ischemic tissue nearly to zero.4 Although our data do not explain these results, it is possible that the initial ischemic injury itself produced a maximal effect on electrical instability, and that further reduction in flow was without additional effect.
The dogs were studied in the awake, closed-chest state to reduce as much as possible the effects of anesthesia and surgery on the experimental outcome. Three sham-operated controls demonstrated the lack of effect of surgery and anesthesia alone on electrical instability tested 4 days later. The pacing study was performed 4 days after coronary occlusion because this was the time after occlusion when electrical instability was tested and the relationship between electrical instability and myocardial infarction size was determined in this model. I Study at 4 days allows a period of recovery from surgery, but keeps electrical instability testing in close proximity to the coronary occlusion.
The reperfusion and retrograde bleeding groups received heparin in anticoagulant doses for 2 hours after occlusion so that clotting would not interfere with these maneuvers. Although the control group did not receive heparin, it seems unlikely that anticoagulant doses of heparin, per se, caused the improvement in electrical instability in the reperfusion group. The proposed use of heparin in acute myocardial infarction has been based largely on the nonanticoagulant effects of the drug.8 These effects on enzyme release and inhibition and on blocking inflammation all require much higher doses of heparin than those used for anticoagulation.8 Further, heparin given for 2 hours after occlusion could not have contributed importantly to the observed differences in electrical instability 4 days later, for the reperfusion group showed much less instability than did the retrograde flow bled group. This difference was present although both groups received anticoagulant doses of heparin.
The validity of our results depends on the use of our electrical instability index. The right ventricular stimulation protocol used is a standard one that reproduces spontaneous arrhythmias in patients. 3 We used a 1.5-second stimulus duration as used by Josephson et al. 3 and a single right ventricular epicardial pacing electrode location rather than multiple endocardial locations. Our scoring system for the responses provoked was designed to allow quantitative estimates of electrical instability to test the effect of interventions and compare subjects. We reported strong linear correlations (r = 0.85-0.94) between these electrical instability indexes and infarct size to suggest their validity as predictors of the extent of underlying disease.' Modification of certain details of the protocol might change the apparent electrical instability, but the experimental model offers a useful way to test the effects of interventions. The infarct size estimates by tetrazolium dye have been confirmed by light microscopy in many dogs in this and other studies. 4 The electrical instability scoring systems focus on two principles. First, it has been shown that stimulation early in diastole, near the T wave ("vulnerable period"), can produce ventricular arrhythmias in normal dogs, whereas stimulation elsewhere in diastole cannot.9 For score A, therefore, lower numbers were assigned to responses to stimulation early in diastole, when vulnerability is greater, and higher ones to abnormal responses to stimulation in late diastole, when propensity for arrhythmia development should be low, despite provocation. Second, it has been shown that repetitive ventricular responses and ventricular tachycardia, as indexes of ventricular vulnerability, occur reproducibly in response to lower amplitude stimuli than ventricular fibrillation when elicited at the same diastolic position. 10 Therefore, the repetitive ventricular response, nonsustained ventricular tachycardia, sustained ventricular tachycardia and ventricular fibrillation were considered to indicate increasing severity of electrical instability when produced by an extrastimulus of fixed amplitude and at the same time in diastole. Hence, for score B, progressively higher numbers were assigned to progressively more hazardous and complex arrhythmias.
Two scoring schemes were used to account separately for the effects of the type of arrhythmia produced and the diastolic timing/number of extrastimuli in analysis of results. The diastolic timing/number of extrastimuli required to produce an abnormal response discriminated somewhat better among the three groups of dogs than the type of abnormal'responses produced ( fig. 1 ).
However, both index A, based solely on diastolic timing of the extrastimulus, and index B, based solely on the type of arrhythmic response, indicated a strong linear correlation with infarct size in a previous study,' and an improvement in reperfused dogs. The similarity of results using different scoring systems strengthens the rationale for testing' interventions in this experimental model. The correlation between either index and spontaneous electrical instability remains unknown and would be an important test of these indexes. However, the lower electrical instability indexes in reperfused dogs were associated with a trend toward greater survival in that group.
These experimental findings may be clinically applicable because reperfusion is now being performed early in the course of infarction in patients by streptokinase infusion.1 12Our data demonstrate that reperfusion early after infarction in the dog decreases electrical instability. Further, although infarct size is a determinant of electrical inst^ability, it is not the only one, for reperfusion reduced electrical instability without changing myocardial infarction size.
